Realised rather than fundamental thermal niches predict site occupancy: implications for climate change forecasting by Braschler, B. et al.
J Anim Ecol. 2020;00:1–13. wileyonlinelibrary.com/journal/jane   |  1© 2020 British Ecological Society
1  | INTRODUC TION
Among ectotherms, variation in environmental temperature and 
the ways in which individuals respond to this variation are key de-
terminants of performance and fitness (Angilletta, 2009; Sinclair 
et al., 2016). Owing to the relationships between thermal perfor-
mance traits, fitness and abundance/geographic range (e.g. Arnan & 
Blüthgen, 2015; Bishop et al., 2017; Bozinovic et al., 2011; Diamond 
& Chick, 2018; Lee et al., 2009; Overgaard et al., 2014; Sheldon & 
Tewksbury, 2014; Sunday et al., 2011, 2012), thermal performance 
traits have increasingly been used to make forecasts of the likely re-
sponse of ectotherms to anthropogenic environmental change, and 
in particular to warming global climates (Araújo et al., 2013; Chown & 
Duffy, 2015; Clusella Trullas et al., 2011; Deutsch et al., 2008, 2018; 
Diamond, Sorger, et al., 2012; Dillon et al., 2010; Huey et al., 2009; 
Janion-Scheepers et al., 2018; Pinsky et al., 2019). Several studies 
have suggested that these forecasts are being borne out, either by 
demonstrating direct relationships between thermal traits and re-
sponses to environmental change (Hamblin et al., 2017; Nowakowski 
et al., 2018), or by eliminating alternative explanations (Lister & 
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Abstract
1. Thermal performance traits are regularly used to make forecasts of the responses 
of ectotherms to anthropogenic environmental change, but such forecasts do not 
always differentiate between fundamental and realised thermal niches.
2. Here we determine the relative extents to which variation in the fundamental 
and realised thermal niches accounts for current variation in species abundance 
and occupancy and assess the effects of niche-choice on future-climate response 
estimations.
3. We investigated microclimate and macroclimate temperatures alongside abun-
dance, occupancy, critical thermal limits and foraging activity of 52 ant species 
(accounting for >95% individuals collected) from a regional assemblage from 
across the Western Cape Province, South Africa, between 2003 and 2014.
4. Capability of a species to occupy sites experiencing the most extreme tempera-
tures, coupled with breadth of realised niche, explained most deviance in occu-
pancy (up to 75%), while foraging temperature range and body mass explained up 
to 50.5% of observed variation in mean species abundance.
5. When realised niches are used to forecast responses to climate change, large posi-
tive and negative effects among species are predicted under future conditions, in 
contrast to the forecasts of minimal impacts on all species that are indicated by 
fundamental niche predictions.
K E Y W O R D S
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Garcia, 2018; Sinervo et al., 2010). In consequence, it appears that 
readily measurable thermal performance traits, which estimate 
one component of the fundamental physiological niche (Slatyer 
et al., 2013; Soberón, 2007), might provide a relatively straightfor-
ward means to make reliable forecasts of the biodiversity impacts of 
environmental change (Comte & Olden, 2017).
Reasons exist, however, for caution when applying trait-based 
ecological forecasting when such traits represent the funda-
mental rather than realised niche of a species. Forecasts relying 
exclusively on the fundamental thermal niche fail to consider be-
havioural responses either to the abiotic environment or to other 
species that might effect significant differences between the fun-
damental and realised thermal niches (Arnan & Blüthgen, 2015; 
Guo et al., 2020; Huey et al., 2012; Mitchell & Angilletta, 2009; 
Sunday et al., 2014). Hence, environmentally mediated interac-
tions among species (Chase, 1996; Park, 1962; Sinclair et al., 2016) 
may result in multi-species outcomes very different to those pre-
dicted on a single species basis. These complexities are widely 
appreciated in the broader biodiversity forecasting field (Foden 
et al., 2018; Pecl et al., 2017; Urban et al., 2016), but explicit exam-
inations of their effects are uncommon.
Here, we determine the extent to which variation in the funda-
mental and realised thermal niches of species are able to account for 
variation in their abundance and range size (measured as occupancy, 
McGeoch & Gaston, 2002). We next demonstrate how estimates 
of climate change impacts could be altered by switching focus from 
the fundamental to realised thermal niche. A regional assemblage 
of ants, which play key roles in terrestrial ecosystems (Griffiths 
et al., 2018; Hölldobler & Wilson, 1990; O'Dowd et al., 2003) and 
are an important group for understanding the nature and causes of 
variation in the diversity of terrestrial systems (Dunn et al., 2009; 
Economo et al., 2018; Kaspari & Weiser, 2012), is used to test 
these hypotheses. Ants exhibit wide variation of thermal tolerance 
limits (Baudier et al., 2015; Diamond, Sorger, et al., 2012; Kaspari 
et al., 2015), which is often correlated with abundance or geographic 
range (Arnan & Blüthgen, 2015; Bishop et al., 2017; Diamond & 
Chick, 2018), and show considerable interspecies interactions on a 
local scale that may be thermally mediated and have a substantial 
influence on their abundance and occurrence (Cerdá et al., 1997; 
Parr et al., 2005; Prather et al., 2018).
2  | MATERIAL S AND METHODS
Ants were sampled across 37 shrubland and semi-desert sites in 
the Western Cape Province of South Africa (Figure 1). These sites 
are the subject of fundamental work on ant diversity in the region 
(Botes et al., 2006; Braschler et al., 2012) and span a spatial extent 
of 92,983 km2 (minimum convex hull). Pitfall trapping was used to 
sample sites twice annually for up to six years between 2003 and 
2014 (sampling period varied by site; see Table S1 for full site and 
year information). Although pitfall trapping has its limitations, it has 
been widely used to understand variation in ant abundance and 
occupancy (Gibb et al., 2017). Pitfall traps (20 or 40 at each site) 
were set in spring (October/November) and autumn (March/April) 
when ants are most active in the region (Botes et al., 2006). Traps 
were arranged in multiple groups of 10 (two groups or four groups 
for sites with 20 or 40 traps, respectively) comprising two rows of 
five traps spaced at regular 10-m intervals. Each trap was 7 cm in 
diameter and partially filled with 50% propylene glycol, which is non-
attractive to ants. On each occasion, traps were deployed for five 
days before collection.
All ants were identified and enumerated in the laboratory. 
Voucher series were deposited in the collections of the Iziko South 
African Museum in Cape Town, and the Centre for Invasion Biology, 
Department of Botany and Zoology, at Stellenbosch University, 
South Africa. From these series, representative samples were sub-
mitted to the Biodiversity Institute of Ontario, University of Guelph, 
Canada for DNA barcoding using the mitochondrial cytochrome 
c oxidase subunit I gene following standard protocols (Herbert 
et al., 2003). DNA barcoding data were used to verify separation 
of species identified on morphological grounds and separate spe-
cies that could not be verified to species level using available keys 
(Collins & Cruickshank, 2013; see Table S2 for a species list).
For abundance and occupancy analyses we focussed on adult 
female worker ants recognising that foraging ants have a large, but 
not exclusive, influence on the success of the colony, with growth 
and survival of the offspring being dependent on their activities, 
rather than existing independently of the adult stage (Hölldobler & 
Wilson, 1990; Penick et al., 2017). Occupancy was calculated either 
as a count of the sites occupied by each species or as a propor-
tion of the sites occupied (for occupancy frequency distributions). 
Abundance was calculated two ways. Mean abundance was calcu-
lated as the mean number of individuals of each species in those 
sites it occupied across all years sampled. For sites where 40 traps 
were deployed, mean abundance values were halved to ensure con-
sistency with mean abundance values from sites where 20 traps 
were deployed. Relative abundance was used as a measure of abun-
dance that was robust to biases arising due to proximity between 
traps and ant colonies. This metric was calculated as the mean pro-
portion, across all sites a species occupied and all years sampled, 
of recovered traps where the species was present. Occupancy and 
abundance frequency distributions were constructed using stan-
dard approaches (McGeoch & Gaston, 2002; McGill et al., 2007) to 
verify that the regional assemblage is typical of those usually found 
and not somehow biased by sampling design.
2.1 | Critical and behavioural thermal limits
Upper and lower critical thermal limits were determined using 
standard protocols. Ants were collected at baits or directly from 
the surroundings of nests at the same general sites also used for 
the foraging assessments detailed below, which were themselves 
a subset of the sites used for pitfall trapping. After collections, 
ants were kept in nest boxes with local topsoil and acclimatised 
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under standard conditions at 22°C, high humidity (>70%) and 
16 hr light/8 hr dark. Ants were transferred singly to experimen-
tal chambers and kept at 25°C for 10 min, before either being 
warmed or cooled at 0.25°C/min. Critical thermal maxima and 
critical thermal minima (CTmax and CTmin) were defined as the high-
est and lowest temperatures respectively, beyond which the ants 
could no longer move in a coordinated way (Jumbam et al., 2008). 
Mean values for CTmax, CTmin and dry mass were calculated for 
each species. Whenever possible, multiple nests and sites were 
sampled to collect a representative array of individuals for each 
species (Table S3). However, logistical constraints meant that this 
was not possible for all species, and estimations of CTs for rarer 
species were necessarily made from relatively few individuals and/
or nests. Although both rate variation and the holding conditions 
for individuals affect estimates of critical thermal limits (Hoffmann 
& Sgrò, 2017; Terblanche et al., 2011), the choice of ramping rate 
and holding time was made here as a compromise between stress-
ing animals that are normally not removed from their colonies, 
completing experiments in a way that reflects environmental 
circumstances (Allen et al., 2016) and standardising the approach 
to enable interspecific comparisons. After the experiments, indi-
viduals were euthanised by freezing, dried for 4 days at 60°C and 
weighed to determine dry mass.
To place the critical thermal limits found for the species here in 
a broader global setting, critical thermal limits data for other spe-
cies were compiled from the published literature, updating a previ-
ous compilation of thermal trait data (Diamond, Sorger, et al., 2012; 
Table S4). In some studies, atypical critical thermal limit methods 
(more similar to lethal temperature methods) were used. We ex-
cluded these studies and limited our analyses to studies using typi-
cal methodologies (Chown & Nicolson, 2004). Other methodological 
variations within the typical definition of critical limit studies, such 
as ramping rates and start conditions, remained amongst studies. 
Table S4 outlines methods used where these data were available 
from the original source. As not all source publications presented this 
information, we were, however, unable to fully integrate this meth-
odological variability into our statistical analyses. This is in keeping 
with previous studies (e.g. Diamond, Sorger, et al., 2012), which have 
F I G U R E  1   Location and summary of 
geographic and environmental features 
of each site. Thirty-seven shrubland and 
semi-desert sites were studied across 
the Western Cape Province, South Africa 
(a). Sites covered broad elevational and 
climatic ranges (b). X-axis ordered by 
latitude of site, grey triangles indicate the 
elevation (right-hand y-axis) of each site, 
circles indicate the thermal conditions 
of each site (left-hand y-axis). Red circles 
indicate the thermal maxima of each site 
(95% quantiles), calculated using either 
microclimate data (filled circles; from 
iButton dataloggers) or macroclimate data 
(hollow circles; from MODIS land-surface 
temperature observations). Grey circles 
indicate the median temperature of each 
site, calculated using either microclimate 
data (filled circles) or macroclimate data 
(hollow circles). Blue circles indicate the 
thermal minima of each site (5% quantiles), 
calculated using either microclimate data 
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been constrained by similar data limitations, but caution should nev-
ertheless be exercised when using these data. Linear models were 
used to compare the CTmin and CTmax values of the ants studied here 
against the CTmin and CTmax of ants globally, as compiled from pub-
lished literature (Table S4).
As central place foragers, activity temperature range of ants 
in the presence of heterospecifics can be readily observed using 
baits (e.g. Roeder et al., 2018; Stuble, Rodriguez-Cabal, et al., 2013). 
Foraging activity and temperature in the field were, therefore, mea-
sured for each species by counting individual ants at baits while si-
multaneously recording temperature at 13 sites, which comprised 
a representative subset, in terms of geographic extent and habi-
tats surveyed, of the sites surveyed for occupancy and abundance 
(Table S1). Bait observation studies occurred four times at each 
site between June 2009 and April 2010 to ensure that observa-
tions were made in all seasons and that the full range of seasonal 
variation was considered. Each of these study periods involved the 
deployment of baits in the morning, early afternoon, late afternoon 
and after sunset every day for four days, with baits removed in the 
interim to allow trails to dissipate. For each survey fifteen baits 
were placed along three parallel lines 10 m apart. On each line one 
of three baits was presented every 5 m along the transect: a fish-
based cat food as protein bait, 25% sucrose solution on cotton wool 
as a sugar bait and rolled oats as a seed bait to attract harvester 
ants. Each bait was presented on a square of paper of 6 cm × 6 cm, 
and inspected at 15, 30 and 60 min to observe submissive species, 
which may find baits early, and the dominant species that later re-
place them (Bestelmeyer et al., 2000). One of us (BB) familiar with 
the species undertook this work and verified field-made adjudica-
tions of species identity in the laboratory where required. Activity 
was measured as forager density, assessed intermittently at fifteen 
baits per site throughout the bait deployment period, with activity 
temperature measured at ground level using Thermochron iButton 
(DS1921 or DS1922; Maxim) dataloggers recording soil temperature 
hourly (Supplementary Methods). Minimum and maximum foraging 
temperatures (hereafter referred to as behavioural thermal limits, 
BTmin and BTmax, in contrast to critical thermal, CT, variables) were 
calculated from these data as the lowest and highest temperatures 
during which individuals of a species were observed foraging at any 
bait in a site where the species foraged at baits. Only species with 
at least five separate observations at baits overall were considered 
and, for the majority of species (36 out of 50 species for which >5 
observations were made), 20 or more separate observations were 
made (Table S5). Recognising the potential role of diurnal/nocturnal 
niche differentiation (Stuble, Pelini, et al., 2013), whether species 
foraged mostly by day, by night or during both (cathemeral) was also 
recorded.
2.2 | Environmental data
To measure microhabitat temperature at each site, iButton datalog-
gers were set to record on an hourly basis and buried 1 cm below 
the soil surface (Botes et al., 2006). As all sites comprised shrubland 
or semi-desert environments with sparse vegetation, which have 
thermal landscapes that are relatively homogenous when compared 
to more complex forest environments, and the ant species studied 
were all epigaeic, this soil temperature measurement was deter-
mined to be characteristic of the site as a whole. We do, however, 
acknowledge that although this approach affords complete temporal 
coverage, which captures the largest variance in thermal environ-
ment for the study sites (Liu et al., 2020), it may not capture the com-
plete spatial variation of all sites. Data were regularly downloaded 
and failed/missing loggers were replaced as necessary. Time series 
covering the period 2003 to 2014 where dataloggers recorded a 
complete year of data (i.e. years with large data gaps owing to logger 
loss or failure were excluded) were compiled for each site. Estimates 
of soil temperatures using this approach have been made elsewhere 
and validated against other measures (Edmonson et al., 2016; Leihy 
et al., 2018). Comparable macroclimate time series were generated 
using MODIS remote-sensed land-surface temperature data for the 
period 2001 to 2012 (Supplementary Methods) based on findings 
showing congruence with approaches using microclimate datalog-
gers (Leihy et al., 2018) and to assess the applicability of satellite 
remote-sensing as an alternative to in situ measurements.
Assuming that temperature extremes exert the most influence on 
critical thermal limits (Hoffmann, 2010; Kingsolver & Buckley, 2017; 
Overgaard et al., 2014), we calculated metrics of minimum and maxi-
mum environmental temperature, in addition to calculating the over-
all mean temperature, for each site at which a species was present. 
For each species the lowest minimum (5%) temperature quantile of 
any site occupied and the mean minimum (5% quantile) temperature 
across all sites occupied (LMin and MMin, respectively) was calcu-
lated. Similar values for the maximum (95%) temperature quantile 
(HMax and MMax) were also calculated. Micro- and macroclimate 
variants of these metrics were calculated using iButton and MODIS 
time series data respectively.
2.3 | Explaining patterns of occupancy and  
abundance
To determine the best predictors of patterns of occupancy and 
abundance, generalised linear models were used to model the re-
lationships between either occupancy (poisson family, log link 
function), log10 transformed mean abundance (gaussian family, 
identity link function), or relative abundance (gaussian family, iden-
tity link function) of each species as a dependent variable and the 
full complement of species × environment variables as predictors 
(occupancy|log10(mean abundance)|relative abundance ~ CTmin + 
CTmax + CTrange + BTmin + BTmax + BTrange + LMin + HMax + MMax + 
MMin + dry mass). Model simplification was undertaken using a lasso 
penalised maximum likelihood procedure to identify the most regu-
larised model whose error is within one standard error of the mini-
mum mean cross validated error (Friedman et al., 2010). Equivalent 
non-regularised GLMs were also performed to facilitate model 
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interpretation with regard to effect size and statistical significance. 
This analysis was first performed using species × environment vari-
ables calculated from microclimate (iButton) data from each site. 
Subsequent to model simplification, kept species × environment 
variables were substituted with their macroclimate (MODIS) coun-
terparts in a secondary analysis to assess the explanatory power of 
remote-sensed data as an alternative to intensive in situ microcli-
mate monitoring.
A phylogeny for all species was derived from a recent analysis 
(Economo et al., 2018; Figure S1; Nexus file provided as Supplementary 
File SF1), with species not placed in that analysis placed by associa-
tion with a randomly selected congeneric (Table S2). Owing to the 
absence of the genus Lepisiota in Economo et al.'s phylogeny, the two 
species from this genus were placed by association with randomly 
selected Acropyga species. Acropyga has been identified previously 
as a close relative to Lepisiota (Ward et al., 2016). Interspecific re-
lationships between critical thermal limits (CTmin/max), behavioural 
limits (BTmin/max) and microclimate data were examined using phylo-
genetic generalised least squares (Garland & Ives, 2000), including 
a maximum likelihood estimate of Pagel's λ (Pagel, 1999) to indicate 
the degree of phylogenetic correlation in the data. Phylogenetic au-
tocorrelation in occupancy and abundance data was examined using 
Moran's I, which was calculated using an Abouheif distance matrix 
derived from the abovementioned tree, with significance-testing per-
formed using a Monte Carlo test (99,999 permutations).
2.4 | Contrasting realised and fundamental niches
Currently available foraging time, as a proportion of total time, was 
calculated for each species at each site at which it occurred using 
hourly microclimate time series and either critical thermal limits, to 
calculate fundamental foraging time (the proportion of hours where 
the temperature was between the CTmin and CTmax of the species), 
or behavioural thermal limits, to calculate realised foraging time (the 
proportion of hours where the temperature was between the BTmin 
and BTmax of the species). Next, the effects of future thermal change 
on fundamental and realised foraging time were predicted using spe-
cies thermal limits and current and future estimates of temperature 
time series so that potential gains and losses could be compared. 
Changes in foraging time were calculated as the difference between 
the proportion of total hours under future conditions and the pro-
portion of total hours under current conditions that was within ei-
ther the critical thermal limits (CTmin/max), for fundamental foraging 
time, or the behavioural thermal limits (BTmin/max), for realised for-
aging time, of each species at each site where it currently occurs. 
Future thermal conditions were estimated using ensembled projec-
tions of future climate predicted by five RCP8.5 climate models for 
the end of the 21st century (Supplementary Methods).
All analyses were undertaken in R v3.5.1 (R Development Core 
Team, 2018) using the caper, adephylo, glmnet, ggplot2 and raster 
packages and their dependencies (Friedman et al., 2010; Hijmans 
et al., 2015; Orme, 2013; Paradis et al., 2004).
3  | RESULTS
Over the entire sampling period, across 37 sites (Table S1), 52 readily 
separable species of ants (Table S2) accounted for >95% of all ant in-
dividuals collected. Together, these species showed typical occupancy 
and abundance frequency distributions (Figure S2). Critical thermal 
maxima of these ant species spanned 11.8°C (41.45–53.21°C; Table S3) 
and were within the range of thermal maxima found globally (21.0°C 
span; 36.00–57.00°C; Table S4). The CTmax values of species in this 
study did not differ significantly from those of species globally (OLS re-
gression: CTmax ~ data source, estimate = 0.6141 ± 0.57, F(1,559) = 1.152, 
p = 0.2836; Figure 2). Critical thermal minima of the species described 
here spanned 9.0°C (−1.93–7.10°C), compared to a global range of 
16.7°C (−1.00–15.70°C), with a significantly lower average (CTmin ~ data 
source, estimate = −2.8808 ± 0.45, F(1,353) = 41.00, p < 0.0001) than 
global records (Figure 2). Ant critical thermal limits in this study re-
flected the extreme temperatures species are likely to encounter across 
the region, based on soil microhabitat temperature measurements and 
remote-sensed land-surface temperature data (Figure 2).
F I G U R E  2   Foraging and thermal trait characteristics of the ant 
species in the regional assemblage. Critical thermal maxima (red) 
and minima (blue) for species in this study are shown in the main 
panel with equivalent data for ant populations globally shown 
in the upper panel (data in Table S4) (Maxima, global M ± SD: 
43.9 ± 4.00°C; this study 46.4 ± 2.4°C; F(1,401) = 19.25, p < 0.0001. 
Minima, global: 4.9 ± 3.8°C; this study: 2.3 ± 1.9°C; F(1,114) = 20.34, 
p < 0.0001). Foraging density change with temperature for 
species in this study is shown as a frequency polygon on the main 
panel (grey), and microclimate (from iButton dataloggers) and 
macroclimate (from MODIS land-surface temperature observations) 
metrics describing the coldest (5% quantiles; blue), mean (grey) and 
warmest (95% quantiles; red) observed temperatures across the 37 
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Interspecific variation in CTmin was not, however, significantly 
related to the lowest microclimate temperatures encountered by 
each species either for a given site, or for mean lowest minimum 
temperatures across all sites occupied (Table 1) and showed only a 
weak phylogenetic signal. No statistically significant relationship 
between CTmin and dry mass was found either. Likewise, CTmax for 
each species was not related to environmental extremes likely to 
be encountered, or to body mass, but here the phylogenetic signal 
was stronger (Table 1). No statistically significant relationships were 
found between environmental temperature range and thermal toler-
ance range (CTmax − CTmin) (PGLS: p > 0.1 in all cases, Pagel's λ > 0.4 
in all cases).
Ant species typically foraged at temperatures considerably 
above their CTmin (Figure 2). A significant positive relationship was 
nonetheless found between the lowest temperature at which for-
aging behaviour was observed (BTmin), CTmin, and the lowest min-
imum (5%) temperature quantile of any site occupied by a species 
(LMin), with no phylogenetic signal detected (Table 1). The maxi-
mum temperature at which foraging behaviour typically ends for 
each species (BTmax) was positively correlated to CTmax (Table 1), 
also with no detectable phylogenetic signal. BTmin and BTmax were 
not strongly related to environmental temperature extremes 
(Table 1).
Fundamental foraging time (proportion of available hours within 
CTrange; median: 0.97; range: 0.84 to 0.99) is, on average, 56.5% lon-
ger than realised foraging time (proportion of available hours within 
BTrange; median: 0.62; range: 0.05 to 0.90) (linear model after logit 
transformation, following Wharton & Hui, 2011: F(1,94) = 260.4, 
p < 0.0001). Nonetheless, substantial variation exists among the 
species examined, with some ants using all of their available funda-
mental foraging time (Pheidole sp. 21 at site S17) and others utilising 
very little (e.g. Messor sp. 1, which uses only 2.4% of its available 
foraging time at site S12), reflecting substantial interspecific and in-
ter-site variability of non-thermal constraints to foraging.
3.1 | Occupancy
Regularisation of generalised linear models resulted in a final 
model including only LMin, HMax, and behavioural thermal limits 
range (BTrange), explaining 64.16% (74.97% non-regularised) of oc-
cupancy deviance (Table 2). There was no significant phylogenetic 
autocorrelation in species occupancy patterns (Moran's I = −0.0048, 
p = 0.3867). By using remote-sensed MODIS data for the calculation 
of LMin and HMax in a non-regularised model, 70.23% of occupancy 
deviance was explained (Table S6).
Trait/Environmental variable Estimate ± SE t p
Critical thermal minimum
Intercept 0.8921 ± 2.7324 0.3265 0.7458
LMin −0.3077 ± 0.2876 −1.0698 0.2913
MMin 0.3892 ± 0.5987 0.6500 0.5195
Dry mass −0.1259 ± 0.1032 −0.1220 0.9036
Pagel's λ = 0.267, adjusted R2 = −0.0325, F(3,39) = 0.5589, p = 0.6454
Critical thermal maximum
Intercept 38.6735 ± 4.4529 8.6850 <0.0001*
HMax 0.0172 ± 0.0685 0.2512 0.8030
MMax 0.1294 ± 0.1125 1.1499 0.2572
Dry mass 0.1448 ± 0.1365 1.0610 0.2952
Pagel's λ = 0.897, adjusted R2 = 0.0239, F(3,39) = 0.2438, p = 0.2745
Behavioural thermal minimum
Intercept 17.1946 ± 5.4989 3.1269 0.0033*
CTmin 1.2303 ± 0.3112 3.9539 0.0003*
LMin 1.3432 ± 0.6084 2.2078 0.0332*
MMin −1.8501 ± 1.2591 −1.4694 0.1498
Pagel's λ = 0.000, adjusted R2 = 0.2745, F(3,39) = 6.2960, p = 0.0014*
Behavioural thermal maximum
Intercept −27.0871 ± 32.0311 −0.8457 0.4029
CTmax 1.5791 ± 0.6507 2.4266 0.0200*
HMax 0.5382 ± 0.4022 1.3382 0.1886
MMax −0.7854 ± 0.6141 −1.2790 0.2085
Pagel's λ = 0.000, adjusted R2 = 0.1350, F(3,39) = 3.1850, p = 0.0343*
Statistical significance (p < 0.05) indicated by * notation.
TA B L E  1   Phylogenetic generalised 
least squares assessments of the 
relationship between thermal tolerance 
traits and environmental temperatures. 
LMin = the lowest minimum (5%) 
temperature quantile of any site occupied 
by a species, MMin = mean minimum 
(5% quantile) temperature across all sites 
occupied. HMax/MMax = similar metrics 
(highest/mean) for the maximum (95%) 
temperature quantile. The outcome for 
the environmental variable of interest 
is shown. Pagel's λ provides an estimate 
of phylogenetic signal. The relationship 
between the trait and mass is also 
provided where mass has been found to 
be significant in other studies
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3.2 | Abundance
Model simplification of generalised linear models resulted in a final 
model including BTrange, and dry mass explaining 33.14% (50.53% non-
regularised) of mean abundance deviance (Table 2), with both variables 
identified as statistically significant predictors. After model simplifi-
cation, a model comprising BTrange and MMin as predictors explained 
11.29% (38.17% non-regularised) of relative abundance deviance. Both 
predictors were identified as statistically significant. 23.91% of rela-
tive abundance deviance (Table S6) was explained by a non-regularised 
model using remote-sensed MODIS data for the calculation of HMax and 
MMin. There was no significant phylogenetic autocorrelation in abun-
dance patterns (mean abundance: Moran's I = 0.0020, p = 0.1947; rela-
tive abundance: Moran's I = −0.0070, p = 0.4380). Overall, the analyses 
indicate that species with broad behavioural thermal ranges tend to be 
most abundant in terms of both mean and relative abundance (Table 2).
3.3 | Effects of future change
On average, changes in fundamental foraging time under future cli-
mate conditions are minimal (Figure 3). Changes in realised foraging 
time are much more pronounced than those observed with funda-
mental foraging time, with gains of almost 30% and losses of up to 
20% predicted for realised foraging times of multiple species across 
the study sites under future climate conditions (Figure 3).
4  | DISCUSSION
Although critical thermal limits of the ants examined here span the 
bounds of environmental temperatures species are likely to encoun-
ter, as is the case elsewhere (Kaspari et al., 2015), these limits account 
for little of the variation in abundance or occupancy. Rather, behav-
ioural thermal limits range and dry mass were the strongest predic-
tors of interspecific variation in mean abundance, and behavioural 
thermal limits range and the mean minimum temperature across all 
sites occupied were the strongest predictors of relative abundance. 
Meanwhile, environmental temperature minima and maxima cou-
pled with behavioural thermal limits accounted for c. 64% of the 
variation in occupancy. The same variables calculated using satellite 
remote-sensed data explained slightly less variation in occupancy 
and had substantially less explanatory power for variation in rela-
tive abundance. This indicates that remote-sensing of land-surface 
Predictor
Regularised Non-regularised GLM
Estimate Estimate ± SE z p
A. Occupancy: poisson, log link function, null deviance = 311.59 on 43 df
Intercept 2.5024 1.1810 ± 1.0058 1.174 0.2403
BTrange 0.0078 0.0138 ± 0.0033 4.154 <0.0001*
LMin −0.2068 −0.3335 ± 0.0494 −6.744 <0.0001*






B. log10(mean abundance): gaussian, identity link function, null deviance = 21.21 on 43 df
Intercept 0.2973 −0.0285 ± 0.1843 −0.154 0.8780
BTrange 0.016 0.0336 ± 0.0065 5.171 <0.0001*






C. Relative abundance: gaussian, identity link function, null deviance = 1.42 on 43 df
Intercept 0.1766 −0.3041 ± 0.1243 −2.446 0.0188*
BTrange 0.0012 0.0068 ± 0.0019 3.651 0.0007*






Statistical significance (p < 0.05) indicated by * notation.
TA B L E  2   Outcomes of generalised 
linear models for occupancy and 
abundance using microclimate data 
recorded in situ. LMin = the lowest 
minimum (5%) temperature quantile of any 
site occupied by a species, MMin = mean 
minimum (5% quantile) temperature 
across all sites occupied. HMax/
MMax = similar metrics (highest/mean) 
for the maximum (95%) temperature 
quantile. BTrange = behavioural thermal 
limits range
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temperature could be a viable alternative to in situ temperature 
measurements for broad-scale occupancy patterns, but that micro-
scale variables may be necessary to examine more localised patterns. 
Explained deviance for patterns of relative abundance was, however, 
generally low across both sets of data. Our findings contrast with 
those for other insects where critical limits are related to geographic 
range (García-Robledo et al., 2016; Sheldon & Tewksbury, 2014), but 
build on a growing understanding of the complexity of the relationship 
F I G U R E  3   Predicted shifts in 
fundamental and realised foraging time 
between current and future climate 
conditions for all species at all sites 
where they currently occur. Fundamental 
foraging time was calculated as time 
available at each site that was between 
the upper (CTmax) and lower (CTmin) 
physiological limits of each species. 
Realised foraging time was calculated 
as time available at each site that was 
between the upper (BTmax) and lower 
(BTmin) behavioural foraging limits of 
each species. Red points indicate the 
mean change for each species across all 
sites where they are present. Species are 
ordered by relatedness as indicated by the 
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between critical limits and abundance and occupancy of ants (Bujan, 
Roeder, de Beurs, et al., 2020; Guo et al., 2020), which may also apply 
to ectotherms more broadly. Previous work has shown that in ants 
the relationship between critical limits and geographic range varies 
between local and global scales (Diamond & Chick, 2018; Nowrouzi 
et al., 2018). The relationship between environmental temperature 
and interspecific variation in occupancy and abundance has also 
been shown to depend on how likely environmental temperatures 
are to approach critical limits of a given species, either at the upper or 
lower ends (Bishop et al., 2017; Bujan, Roeder, de Beurs, et al., 2020; 
Diamond, Nichols, et al., 2012; Stuble, Pelini, et al., 2013).
Low environmental temperatures did not influence variation in 
CTmin of the adult worker ants studied here, beyond setting their 
lower boundary. Rather, the influence of low environmental tem-
peratures on site occupancy and abundance is likely the result of 
a less direct interaction between environmental temperature and 
foraging behaviour via BTmin. Investigations that consider devel-
opmental thresholds and non-adult stages typically find that low 
environmental temperature sets limits to activity and range (e.g. 
Hartley et al., 2010; Korzukhin et al., 2001), and the same may be 
happening here. We found that a stronger relationship exists be-
tween environmental temperature maxima and variation in CTmax. 
Again, however, the influence of CTmax on abundance or occu-
pancy is limited and absolute thermal tolerance limits (CTmin, CTmax 
or CTrange) are poorly related to abundance or occupancy. Rather, 
the range of realised foraging temperatures explained much of 
the observed variation. This finding, that realised niches are of 
greater value for predicting occupancy and abundance than their 
fundamental counterparts, is corroborated by recent work by Guo 
et al. (2020) where mechanistic species distribution models were 
found to fit better with observed distributions when built using 
the foraging limits rather than the physiological limits of a species.
Broad behavioural thermal limit range has a positive effect on 
mean and relative abundance of the ant species studied here. In 
the context of central place foragers such as ants (Hölldobler & 
Wilson, 1990), these relationships are readily comprehended. Those 
species that can be active over the broadest temperature range 
are likely to achieve the greatest abundance, in both absolute and 
relative terms, by achieving the greatest resource access (Kaspari 
et al., 2000; Stuble, Rodriguez-Cabal, et al., 2013). Nonetheless, dry 
mass has a negative relationship with mean abundance, in keeping 
with the general macroecological principle that absolute species 
abundance tends to decline with increasing body size (Jennings 
et al., 2007; Krüger & McGavin, 2000).
In the case of occupancy, the relationship with behavioural ther-
mal limits range is intuitive. Interspecific interactions between ants 
and thermal mediation thereof have been widely documented, which 
may result in temporally mediated coexistence (Bestelmeyer, 2000; 
Cerdá et al., 1998; Parr & Gibb, 2010; Roeder et al., 2018). The current 
results suggest that the breadth of temperatures that a species can 
forage at influences the likelihood of a species occupying a site. This 
effect occurs via the interaction between behavioural limits and the 
environment, realised as the time available for foraging, rather than 
through direct exclusion due to environmental temperatures exceed-
ing thermal limits of species. Thus, the longer the time available for 
foraging, a constraint set by biotic factors, such as interactions with 
other ant species, rather than by fundamental physiological charac-
teristics alone, the higher the likelihood that a species will persist at a 
given site. Such a finding helps explain why thermal mediation is not 
universally supported as a mechanism determining dominance of ants 
at a given site (Stuble, Rodriguez-Cabal, et al., 2013). What is critical 
to species occupancy is not so much dominance at a given site, but 
the ability to maintain a population at that site given the presence of 
several other species. Such an outcome provides further support for 
the idea that resource availability, environmental temperature and 
temporally mediated coexistence in a competitive system interact to 
influence occurrence patterns in ants (Parr & Gibb, 2010). Moreover, 
it underpins the general macroecological finding that niche breadth is 
positively related to range size (Slatyer et al., 2013), but in this case it is 
the realised rather than the fundamental physiological niche.
The covariance between realised and fundamental thermal 
niches means we cannot wholly exclude the role of critical ther-
mal limits in governing the geographic range or abundance of in-
sects (Bishop et al., 2017; Diamond & Chick, 2018; García-Robledo 
et al., 2016). However, the relationships described here between 
environmental variables over the whole study area and across as-
semblage critical limits suggest that the evolution of critical thermal 
limits may be influenced not only by the abiotic environment that 
ants encounter, but also by other species. The influence of envi-
ronmental temperature and spatio-temporal partitioning of activity 
(Baudier et al., 2015), which is reflected by behavioural limits, acts 
together with the abiotic environment to determine critical limits. 
Although the hypothesis that physiological limits are the product 
of behavioural interactions rather than vice versa might seem ini-
tially counterintuitive, recent empirical and theoretical work has 
supported the idea that critical limits may be as much an outcome 
of where species occur and what biotic environments they encoun-
ter, as they are of the abiotic environment (Gvoždík, 2018; Worm & 
Tittensor, 2018). In this context, and together with evidence for the 
influence of thermally mediated interactions on animal abundance 
(Chase, 1996; Chown et al., 2007; Park, 1962), our results show that 
additional consideration needs to be given to the feedback between 
environmental conditions, biotic interactions and thermal limits (see 
also Buckley et al., 2015). Doing so may provide further insight into 
why CTmax varies among environments (Arnan & Blüthgen, 2015; 
Baudier et al., 2015; Kaspari et al., 2015), yet often shows little re-
sponse to either acclimation or to selection (Gunderson & Stillmann, 
2015; Janion-Scheepers et al., 2018). It may also help to explain 
differences in outcomes of mechanistic and correlative species 
distribution models (Buckley et al., 2010) and contribute toward 
substantial improvements when modelling species distributions or 
predicting range shifts (Guo et al., 2020).
Forecasts of the responses of ants to warming environments can, 
at the broadest scales, be assessed by examining the upper limit of the 
fundamental physiological niche (CTmax) in the context of changing en-
vironmental temperatures, as is done with the calculation of warming 
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tolerance (e.g. Diamond, Sorger, et al., 2012; Hoffmann et al., 2013). 
However, the warming tolerance approach, by definition, provides 
only for a declining prognosis for species as the environment warms 
(Sunday et al., 2014) and requires a species' upper physiological limits 
to be close to the current environmental thermal maxima for an effect 
to be seen (Arnan & Blüthgen, 2015). As is becoming clear from other 
explicit investigations (Diamond, Nichols, et al., 2012; Stuble, Pelini, 
et al., 2013), species-specific responses to warming are much more 
variable. In this study, variation in both abundance and occupancy was 
best explained by the inclusion of aspects of the realised thermal niche. 
When the realised niche is considered, forecasts of climate warming 
responses are much more variable than those calculated from the fun-
damental niche (Figure 3), with gains in realised foraging time of almost 
30% and losses of up to 20% (mean absolute change in foraging = 9.4%, 
maximum loss/gain of −20.5%/+29.6%) across the study sites under 
future climate conditions. Such an outcome is far more plausible than 
a forecast of growing negative impacts on all species, especially given 
current understanding of how behaviour and the presence of other in-
dividuals in a patchy environment are likely to influence thermal niche 
(Buckley et al., 2015; Mitchell & Angilletta, 2009; Sears et al., 2011). 
It also implies that even simple estimates of changing assemblage 
composition may improve forecasts of the impacts of environmental 
change. Further support of the forecasting benefits of considering re-
alised thermal niches in addition to, or in place of, their fundamental 
counterparts is afforded by the substantial improvements that realised 
niche data can provide to mechanistic models of present-day distribu-
tions of ants (Guo et al., 2020).
While the need for considering realised niches and species interac-
tions has been highlighted in the broader literature on biodiversity re-
sponses to climate change (Arnan & Blüthgen, 2015; Foden et al., 2018; 
Guo et al., 2020; Pecl et al., 2017; Urban et al., 2016), delivering such in-
formation is often deemed too difficult. As we have demonstrated here, 
however, it is well within reach for animals like ants where realised niches 
can be relatively straightforwardly assessed. Improved understanding 
of plasticity, which has complex interactions with basal tolerances (van 
Heerwaarden & Kellermann, 2020) and plays a pivotal role in how fun-
damental niches interact with changing environments (Bujan, Roeder, 
Yanoviak, et al., 2020; Chown et al., 2007), will further increase the util-
ity of traits describing realised niches. The consequent steps are to test 
forecasts in an experimental setting (e.g. Diamond, Nichols, et al., 2012) 
and, given widespread turnover in species assemblages globally (Blowes 
et al., 2019), to understand how important the relative influences are of 
the abiotic and biotic environments on the thermal niche, its plasticity 
and its evolutionary responses to changes in both settings.
ACKNOWLEDG EMENTS
We thank the following for their assistance in the field and/or labo-
ratory: Antoinette Botes, Carmen Boonzaaier, Henry Davids, Sarah 
Davies, Melanie de Mornay, Charlene Janion-Scheepers, Keafon 
Jumbam, Thembile Khoza, Jennifer Lee, Peter le Roux, Kirsten 
Mahood, Tlou Manyelo, Elrike Marais, James Mugabe, Vuledzani Oral 
Mukwevho, Thinandavha Caswell Munyai, Tshilidzi Cedric Muofhe, 
Justine Shaw, Nicole Southgate, Megan Stevens, Aleks Terauds; and 
the teachers and learners who contributed to the Iimbovane Project. 
This work was funded by a core grant (41313) from the National 
Research Foundation of South Africa to the DSI-NRF Centre of 
Excellence for Invasion Biology (CIB). Further support to the Iimbovane 
Project of the CIB was provided by Anglo-American, Afrisam, the 
Western Cape Department of Education, the Rand Merchant Bank 
Environment Fund and the UK Darwin Initiative. GAD is the recipient 
of an Australian Research Council Discovery Early Career Researcher 
Award (DE190100003) funded by the Australian Government.
AUTHORS'  CONTRIBUTIONS
S.L.C. and B.B. conceived the idea and designed the study; B.B., E.N., 
S.K.-K., D.d.P. and N.K. coordinated and performed sample collec-
tion, sorting and curation; B.B. performed CT and BT assays; G.A.D., 
S.L.C., B.B. and R.I.L. analysed the data; G.A.D., S.L.C. and B.B. led 
the writing of the manuscript. All authors contributed critically to 
the drafts and gave final approval for publication.
DATA AVAIL ABILIT Y S TATEMENT
Original data for this study are available from the Monash Bridges Data 
Repository https://doi.org/10.26180/ 5f39f f027b71e (Braschler et al., 
2020) or on request from the corresponding author.
ORCID
Brigitte Braschler  https://orcid.org/0000-0003-0088-3651 
Grant A. Duffy  https://orcid.org/0000-0002-9031-8164 
Rachel I. Leihy  https://orcid.org/0000-0001-9672-625X 
Steven L. Chown  https://orcid.org/0000-0001-6069-5105 
R E FE R E N C E S
Allen, J. L., Chown, S. L., Janion-Scheepers, C., & Clusella-Trullas, S. 
(2016). Interactions between rates of temperature change and accli-
mation affect latitudinal patterns of warming tolerance. Conservation 
Physiology, 4(1), cow053. https://doi.org/10.1093/conph ys/cow053
Angilletta Jr., M. J. (2009). Thermal adaptation. A theoretical and empirical 
synthesis (1st ed.). Oxford University Press.
Araújo, M. B., Ferri-Yáñez, F., Bozinovic, F., Marquet, P. A., Valladares, F., 
& Chown, S. L. (2013). Heat freezes niche evolution. Ecology Letters, 
16, 1206–1219. https://doi.org/10.1111/ele.12155
Arnan, X., & Blüthgen, N. (2015). Using ecophysiological traits to pre-
dict climatic and activity niches: Lethal temperature and water loss 
in Mediterranean ants. Global Ecology and Biogeography, 24, 1454–
1464. https://doi.org/10.1111/geb.12363
Baudier, K. M., Mudd, A. E., Erickson, S. C., & O'Donnell, S. (2015). 
Microhabitat and body size effects on heat tolerance: Implications for 
responses to climate change (army ants: Formicidae, Ecitoninae). Journal 
of Animal Ecology, 84, 1322–1330. https://doi.org/10.1111/1365- 
2656.12388
Bestelmeyer, B. T. (2000). The trade-off between thermal tolerance 
and behavioural dominance in a subtropical South American ant 
community. Journal of Animal Ecology, 6, 998–1009. https://doi.org/ 
10.1046/j.1365-2656.2000.00455.x
Bestelmeyer, B. T., Agosti, D., Alonso, L. E., Brandão, C. R. F., Brown, W. 
L., Delabie, J. H. C., & Silvestre, R. (2000). Field techniques for the 
study of ground-dwelling ant: An overview, description, and evalu-
ation. In D. Agosti, J. D. Majer, L. E. Alonso, & T. R. Schultz (Eds.), 
Ants: Standard methods for measuring and monitoring biodiversity (pp. 
122–144). Smithsonian Institution Scholarly Press.
     |  11Journal of Animal EcologyBRASCHLER Et AL.
Bishop, T. R., Robertson, M. P., Van Rensburg, B. J., & Parr, C. L. (2017). 
Coping with the cold: Minimum temperatures and thermal tolerances 
dominate the ecology of mountain ants. Ecological Entomology, 42, 
105–114. https://doi.org/10.1111/een.12364
Blowes, S. A., Supp, S. R., Antão, L. H., Bates, A., Bruelheide, H., Chase, 
J. M., Moyes, F., Magurran, A., McGill, B., Myers-Smith, I. H., Winter, 
M. M., Bjorkman, A. D., Bowler, D. E., Byrnes, J. E. K., Gonzalez, A., 
Hines, J., Isbell, F., Jones, H. P., Navarro, L. M., … Dornelas, M. (2019). 
The geography of biodiversity change in marine and terrestrial as-
semblages. Science, 366, 339–345. https://doi.org/10.1126/scien ce. 
aaw1620
Botes, A., McGeoch, M. A., Robertson, H. G., van Niekerk, A., Davids, H. 
P., & Chown, S. L. (2006). Ants, altitude and change in the northern 
Cape Floristic Region. Journal of Biogeography, 33, 71–90. https://doi.
org/10.1111/j.1365-2699.2005.01336.x
Bozinovic, F., Calosi, P., & Spicer, J. I. (2011). Physiological correlates of 
geographic range in animals. Annual Review of Ecology, Evolution, and 
Systematics, 42, 155–179. https://doi.org/10.1146/annur ev-ecols ys-
10271 0-145055
Braschler, B., Chown, S. L., & Gaston, K. J. (2012). The fynbos and suc-
culent karoo biomes do not have exceptional local ant richness. PLoS 
ONE, 7, e31463. https://doi.org/10.1371/journ al.pone.0031463
Braschler, B., Duffy, G. A., Nortje, E., Kritzinger-Klopper, S., du Plessis, 
D., Karenyi, N., Leihy, R. I., & Chown, S. L. (2020). Data for Braschler 
et al Realised rather than fundamental thermal niches predict site occu-
pancy: Implications for climate change forecasting. Monash University. 
https://doi.org/10.26180/ 5f39f f027b71e
Buckley, L. B., Ehrenberger, J. C., Angilletta Jr., M. J., & Wilson, R. (2015). 
Thermoregulatory behaviour limits local adaptation of thermal 
niches and confers sensitivity to climate change. Functional Ecology, 
29, 1038–1047. https://doi.org/10.1111/1365-2435.12406
Buckley, L. B., Urban, M. C., Angilletta, M. J., Crozier, L. G., Rissler, L. J., & 
Sears, M. W. (2010). Can mechanism inform species' distribution mod-
els? Ecology Letters, 13, 1041–1054. https://doi.org/10.1111/j.1461- 
0248.2010.01479.x
Bujan, J., Roeder, K. A., de Beurs, K., Weiser, M. D., & Kaspari, M. (2020). 
Thermal diversity of North American ant communities: Cold toler-
ance but not heat tolerance tracks ecosystem temperature. Global 
Ecology and Biogeography, 29(9), 1486–1494. https://doi.org/10.1111/
geb.13121
Bujan, J., Roeder, K. A., Yanoviak, S. P., & Kaspari, M. (2020). Seasonal 
plasticity of thermal tolerance in ants. Ecology, 101(6), e03051. 
https://doi.org/10.1002/ecy.3051
Cerdá, X., Retana, J., & Cros, S. (1997). Thermal disruption of transitive 
hierarchies in Mediterranean ant communities. Journal of Animal 
Ecology, 66, 363–374. https://doi.org/10.2307/5982
Cerdá, X., Retana, J., & Cros, S. (1998). Critical thermal limits in 
Mediterranean ant species: Trade-off between mortality risk and 
foraging performance. Functional Ecology, 12, 45–55. https://doi.
org/10.1046/j.1365-2435.1998.00160.x
Chase, J. M. (1996). Abiotic controls of trophic cascades in a simple 
grassland food chain. Oikos, 77, 495–506. https://doi.org/10.2307/ 
3545939
Chown, S. L., & Duffy, G. A. (2015). Thermal physiology and urbaniza-
tion: Perspectives on exit, entry and transformation rules. Functional 
Ecology, 29, 902–912. https://doi.org/10.1111/1365-2435.12478
Chown, S. L., & Nicolson, S. W. (2004). Insect physiological ecology. 
Mechanisms and patterns. Oxford University Press.
Chown, S. L., Slabber, S., McGeoch, M. A., Janion, C., & Leinaas, H. P. (2007). 
Phenotypic plasticity mediates climate change responses among in-
vasive and indigenous arthropods. Proceedings of the Royal Society B: 
Biological Sciences, 274, 2661–2667. https://doi.org/10.1098/rspb. 
2007.0772
Clusella Trullas, S., Blackburn, T. M., & Chown, S. L. (2011). Climatic pre-
dictors of temperature performance curve parameters in ectotherms 
imply complex responses to climate change. The American Naturalist, 
177, 738–751. https://doi.org/10.1086/660021
Collins, R. A., & Cruickshank, R. H. (2013). The seven deadly sins of DNA 
barcoding. Molecular Ecology Resources, 13, 969–975.
Comte, L., & Olden, J. D. (2017). Evolutionary and environmental deter-
minants of freshwater fish thermal tolerance and plasticity. Global 
Change Biology, 23, 728–736. https://doi.org/10.1111/gcb.13427
Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, 
C. K., Haak, D. C., & Martin, P. R. (2008). Impacts of climate warming 
on terrestrial ectotherms across latitude. Proceedings of the National 
Academy of Sciences of the United States of America, 105, 6668–6672. 
https://doi.org/10.1073/pnas.07094 72105
Deutsch, C. A., Tewksbury, J. J., Tigchelaar, M., Battisti, D. S., Merrill, 
S. C., Huey, R. B., & Naylor, R. L. (2018). Increase in crop losses to 
insect pests in a warming climate. Science, 361, 916–919. https://doi.
org/10.1126/scien ce.aat3466
Diamond, S. E., & Chick, L. D. (2018). Thermal specialist ant species have 
restricted, equatorial geographic ranges: Implications for climate 
change vulnerability and risk of extinction. Ecography, 41, 1507–
1509. https://doi.org/10.1111/ecog.03264
Diamond, S. E., Nichols, L. M., McCoy, N., Hirsch, C., Pelini, S. L., Sanders, 
N. J., Ellison, A. M., Gotelli, N. J., & Dunn, R. R. (2012). A physiolog-
ical trait-based approach to predicting the responses of species to 
experimental climate warming. Ecology, 93, 2305–2312. https://doi.
org/10.1890/11-2296.1
Diamond, S. E., Sorger, D. M., Hulcr, J., Pelini, S. L., Toro, I. D., Hirsch, C., 
Oberg, E., & Dunn, R. R. (2012). Who likes it hot? A global analysis of 
the climatic, ecological, and evolutionary determinants of warming 
tolerance in ants. Global Change Biology, 18, 448–456.
Dillon, M. E., Wang, G., & Huey, R. B. (2010). Global metabolic im-
pacts of recent climate warming. Nature, 467, 704–707. https://doi.
org/10.1038/natur e09407
Dunn, R. R., Agosti, D., Andersen, A. N., Arnan, X., Bruhl, C. A., Cerdá, 
X., Ellison, A. M., Fisher, B. L., Fitzpatrick, M. C., Gibb, H., Gotelli, 
N. J., Gove, A. D., Guenard, B., Janda, M., Kaspari, M., Laurent, E. 
J., Lessard, J. P., Longino, J. T., Majer, J. D., … Sanders, N. J. (2009). 
Climatic drivers of hemispheric asymmetry in global patterns of 
ant species richness. Ecology Letters, 12, 324–333. https://doi.
org/10.1111/j.1461-0248.2009.01291.x
Economo, E. P., Narula, N., Friedman, N. R., Weiser, M. D., & Guenard, 
B. (2018). Macroecology and macroevolution of the latitudinal di-
versity gradient in ants. Nature Communications, 9, 1778. https://doi.
org/10.1038/s4146 7-018-04218 -4
Edmondson, J. L., Stott, I., Davies, Z. G., Gaston, K. J., & Leake, J. R. 
(2016). Soil surface temperatures reveal moderation of the urban 
heat island effect by trees and shrubs. Scientific Reports, 6, 33708. 
https://doi.org/10.1038/srep3 3708
Foden, W. B., Young, B. E., Akçakaya, H. R., Garcia, R. A., Hoffmann, A. 
A., Stein, B. A., Thomas, C. D., Wheatley, C. J., Bickford, D., Carr, J. A., 
Hole, D. G., Martin, T. G., Pacifici, M., Pearce-Higgins, J. W., Platts, P. 
J., Visconti, P., Watson, J. E. M., & Huntley, B. (2018). Climate change 
vulnerability assessment of species. Wiley Interdisciplinary Reviews: 
Climate Change, 2018, e551. https://doi.org/10.1002/wcc.551
Friedman, J., Hastie, T., & Tibshirani, R. (2010). Regularization paths for 
generalized linear models via coordinate descent. Journal of Statistical 
Software, 33, 1–22. https://doi.org/10.18637/ jss.v033.i01
García-Robledo, C., Kuprewicz, E. K., Staines, C. L., Erwin, T. L., & Kress, W. J. 
(2016). Limited tolerance by insects to high temperatures across tropical 
elevational gradients and the implications of global warming for extinc-
tion. Proceedings of the National Academy of Sciences of the United States 
of America, 113, 680–685. https://doi.org/10.1073/pnas.15076 81113
Garland, T., & Ives, A. R. (2000). Using the past to predict the present: 
Confidence intervals for regression equations in phylogenetic com-
parative methods. The American Naturalist, 155, 346–364. https://
doi.org/10.1086/303327
12  |    Journal of Animal Ecology BRASCHLER Et AL.
Gibb, H., Dunn, R. R., Sanders, N. J., Grossman, B. F., Photakis, M., Abril, 
S., Agosti, D., Andersen, A. N., Angulo, E., Armbrecht, I., Arnan, X., 
Baccaro, F. B., Bishop, T. R., Boulay, R., Brühl, C., Castracani, C., 
Cerda, X., Del Toro, I., Delsinne, T., … Parr, C. L. (2017). A global da-
tabase of ant species abundances. Ecology, 98, 883–884. https://doi.
org/10.1002/ecy.1682
Griffiths, H. M., Ashton, L. A., Walker, A. E., Hasan, F., Evans, T. A., 
Eggleton, P., & Parr, C. L. (2018). Ants are the major agents of re-
source removal from tropical rainforests. Journal of Animal Ecology, 
87, 293–300. https://doi.org/10.1111/1365-2656.12728
Gunderson, A. R., & Stillman, J. H. (2015). Plasticity in thermal toler-
ance has limited potential to buffer ectotherms from global warm-
ing. Proceedings of the Royal Society B: Biological Sciences, 282(1808), 
20150401. http://dx.doi.org/10.1098/rspb.2015.0401
Guo, F., Guénard, B., Economo, E. P., Deutsch, C. A., & Bonebrake, T. 
C. (2020). Activity niches outperform thermal physiological limits in 
predicting global ant distributions. Journal of Biogeography, 47, 829–
842. https://doi.org/10.1111/jbi.13799
Gvoždík, L. (2018). Just what is the thermal niche? Oikos, 127, 1701–1710. 
https://doi.org/10.1111/oik.05563
Hamblin, A. L., Youngsteadt, E., Lopez-Uribe, M. M., & Frank, S. D. (2017). 
Physiological thermal limits predict differential responses of bees to 
urban heat-island effects. Biology Letters, 13, 20170125. https://doi.
org/10.1098/rsbl.2017.0125
Hartley, S., Krushelnycky, P. D., & Lester, P. J. (2010). Integrating phys-
iology, population dynamics and climate to make multi-scale pre-
dictions for the spread of an invasive insect: The Argentine ant at 
Haleakala National Park, Hawaii. Ecography, 33, 83–94. https://doi.
org/10.1111/j.1600-0587.2009.06037.x
Hebert, P. D. N., Cywinskam, A., Ballm, S. L., & DeWaard, J. R. (2003). 
Biological identifications through DNA barcodes. Proceedings of the 
Royal Society of London. Series B: Biological Sciences, 270, 313–321. 
https://doi.org/10.1098/rspb.2002.2218
Hijmans, R. J., Phillips, S., Leathwick, J., & Elith, J. (2015). dismo: Species 
distribution modeling. R package version 1.0. Retrieved from https://
CRAN.R-proje ct.org/packa ge=dismo
Hoffmann, A. A. (2010). Physiological climatic limits in Drosophila: 
Patterns and implications. Journal of Experimental Biology, 213, 870–
880. https://doi.org/10.1242/jeb.037630
Hoffmann, A. A., Chown, S. L., & Clusella-Trullas, S. (2013). Upper thermal 
limits in terrestrial ectotherms: How constrained are they? Functional 
Ecology, 27, 934–949. https://doi.org/10.1111/j.1365-2435.2012. 
02036.x
Hoffmann, A. A., & Sgrò, C. (2017). Comparative studies of critical phys-
iological limits and vulnerability to environmental extremes in small 
ectotherms: How much environmental control is needed? Integrative 
Zoology, 13, 355–371.
Hölldobler, B., & Wilson, E. O. (1990). The ants. Harvard University Press.
Huey, R. B., Deutsch, C. A., Tewksbury, J. J., Vitt, L. J., Hertz, P. E., 
Álvarez Pérez, H. J., & Garland, T. (2009). Why tropical forest lizards 
are vulnerable to climate warming. Proceedings of the Royal Society 
B: Biological Sciences, 276, 1939–1948. https://doi.org/10.1098/rspb. 
2008.1957
Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A. M., Jess, 
M., & Williams, S. E. (2012). Predicting organismal vulnerability to 
climate warming: Roles of behaviour, physiology and adaptation. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
367, 1665–1679. https://doi.org/10.1098/rstb.2012.0005
Janion-Scheepers, C., Phillips, L., Sgrò, C. M., Duffy, G. A., Hallas, R., & 
Chown, S. L. (2018). Basal resistance enhances warming tolerance 
of alien over indigenous species across latitude. Proceedings of the 
National Academy of Sciences of the United States of America, 115, 
145–150. https://doi.org/10.1073/pnas.17155 98115
Jennings, S., De Oliviera, J. A. A., & Warr, K. J. (2007). Measurement 
of body size and abundance in tests of macroecological and food 
web theory. Journal of Animal Ecology, 76, 72–82. https://doi.org/ 
10.1111/j.1365-2656.2006.01180.x
Jumbam, K. R., Jackson, S., Terblanche, J. S., McGeoch, M. A., & Chown, 
S. L. (2008). Acclimation effects on critical and lethal thermal lim-
its of workers of the Argentine ant, Linepithema humile. Journal of 
Insect Physiology, 54, 1008–1014. https://doi.org/10.1016/j.jinsp hys. 
2008.03.011
Kaspari, M., Alonso, L., & O'Donnell, S. (2000). Three energy variables 
predict ant abundance at a geographical scale. Proceedings of the 
Royal Society of London. Series B: Biological Sciences, 267(1442), 485–
489. http://dx.doi.org/10.1098/rspb.2000.1026
Kaspari, M., Clay, N. A., Lucas, J., Yanoviak, S. P., & Kay, A. (2015). 
Thermal adaptation generates a diversity of thermal limits in a rain-
forest ant community. Global Change Biology, 21, 1092–1102. https://
doi.org/10.1111/gcb.12750
Kaspari, M., & Weiser, M. D. (2012). Energy, taxonomic aggregation, and 
the geography of ant abundance. Ecography, 35, 65–72. https://doi.
org/10.1111/j.1600-0587.2011.06971.x
Kingsolver, J. G., & Buckley, L. B. (2017). Quantifying thermal extremes 
and biological variation to predict evolutionary responses to chang-
ing climate. Philosophical Transactions of the Royal Society B: Biological 
Sciences, 372, 20160147. https://doi.org/10.1098/rstb.2016.0147
Korzukhin, M. D., Porter, S. D., Thompson, L. C., & Wiley, S. (2001). 
Modeling temperature-dependent range limits for the fire ant 
Solenopsis invicta (Hymenoptera: Formicidae) in the United States. 
Environmental Entomology, 30, 645–655.
Krüger, O., & McGavin, G. C. (2000). Macroecology of local insect com-
munities. Acta Oecologica, 21, 21–28. https://doi.org/10.1016/S1146 
-609X(00)00112 -0
Lee, J. E., Janion, C., Marais, E., van Vuuren, B. J., & Chown, S. L. (2009). 
Physiological tolerances account for range limits and abundance struc-
ture in an invasive slug. Proceedings of the Royal Society B: Biological 
Sciences, 276, 1459–1468. https://doi.org/10.1098/rspb.2008.1240
Leihy, R. I., Duffy, G. A., Nortje, E., & Chown, S. L. (2018). High resolu-
tion temperature data for ecological research and management on 
the Southern Ocean Islands. Scientific Data, 5, 180177. https://doi.
org/10.1038/sdata.2018.177
Lister, B. C., & Garcia, A. (2018). Climate-driven declines in arthropod 
abundance restructure a rainforest food web. Proceedings of the 
National Academy of Sciences of the United States of America, 115, 
E10397–E10406. https://doi.org/10.1073/pnas.17224 77115
Liu, W. A., Phillips, L. M., Terblanche, J. S., Janion-Scheepers, C., & 
Chown, S. L. (2020). Strangers in a strange land: Globally un-
usual thermal tolerance in Collembola from the Cape Floristic 
Region. Functional Ecology, 34(8), 1601–1612. https://doi.org/ 
10.1111/1365-2435.13584
McGeoch, M. A., & Gaston, K. J. (2002). Occupancy frequency distri-
butions: Patterns, artefacts and mechanisms. Biological Reviews, 77, 
311–331. https://doi.org/10.1017/S1464 79310 1005887
McGill, B. J., Etienne, R. S., Gray, J. S., Alonso, D., Anderson, M. J., Benecha, 
H. K., Dornelas, M., Enquist, B. J., Green, J. L., He, F., Hurlbert, A. H., 
Magurran, A. E., Marquet, P. A., Maurer, B. A., Ostling, A., Soykan, C. 
U., Ugland, K. I., & White, E. P. (2007). Species abundance distribu-
tions: Moving beyond single prediction theories to integration within 
an ecological framework. Ecology Letters, 10, 995–1015. https://doi.
org/10.1111/j.1461-0248.2007.01094.x
Mitchell, W. A., & Angilletta Jr, M. J. (2009). Thermal games: Frequency-
dependent models of thermal adaptation. Functional Ecology, 23, 
510–520. https://doi.org/10.1111/j.1365-2435.2009.01542.x
Nowakowski, A. J., Watling, J. I., Thompson, M. E., Brusch, G. A., 
Catenazzi, A., Whitfield, S. M., Kurz, D. J., Suárez-Mayorga, Á., 
Aponte-Gutiérrez, A., Donnelly, M. A., & Todd, B. D. (2018). Thermal 
biology mediates responses of amphibians and reptiles to habitat 
modification. Ecology Letters, 21, 345–355. https://doi.org/10.1111/
ele.12901
     |  13Journal of Animal EcologyBRASCHLER Et AL.
Nowrouzi, S., Andersen, A. N., Bishop, T. R., & Robson, S. K. A. (2018). Is 
thermal limitation the primary driver of elevational distributions? Not 
for montane rainforest ants in the Australian Wet Tropics. Oecologia, 
188, 333–342. https://doi.org/10.1007/s0044 2-018-4154-y
O'Dowd, D. J., Green, P. T., & Lake, P. S. (2003). Invasional ‘meltdown’ 
on an oceanic island. Ecology Letters, 6, 812–817. https://doi.
org/10.1046/j.1461-0248.2003.00512.x
Orme, C. D. L. (2013). The caper package: Comparative analysis of phyloge-
netics and evolution in R. Available at https://cran.r-proje ct.org/web/
packa ges/caper/ vigne ttes/caper
Overgaard, J., Kearney, M. R., & Hoffmann, A. A. (2014). Sensitivity to 
thermal extremes in Australian Drosophila implies similar impacts of 
climate change on the distribution of widespread and tropical spe-
cies. Global Change Biology, 20, 1738–1750.
Pagel, M. (1999). Inferring the historical patterns of biological evolution. 
Nature, 401, 877–884. https://doi.org/10.1038/44766
Paradis, E., Claudem, J., & Strimmer, K. (2004). APE: Analyses of phylo-
genetics and evolution in R language. Bioinformatics, 20, 289–290. 
https://doi.org/10.1093/bioin forma tics/btg412
Park, T. (1962). Beetles, competition, and populations. Science, 138, 
1369–1375.
Parr, C. L., & Gibb, H. (2010). Competition and the role of dominant ants. 
In L. Lach, C. L. Parr, & K. L. Abbott (Eds.), Ant ecology (pp. 77–96). 
Oxford University Press.
Parr, C. L., Sinclair, B. J., Andersen, A. N., Gaston, K. J., & Chown, S. L. 
(2005). Constraint and competition in assemblages: A cross conti-
nental and modeling approach for ants. The American Naturalist, 165, 
481–493. https://doi.org/10.1086/428292
Pecl, G. T., Araujo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, 
I. C., Clark, T. D., Colwell, R. K., Danielsen, F., Evengard, B., Falconi, 
L., Ferrier, S., Frusher, S., Garcia, R. A., Griffis, R. B., Hobday, A. J., 
Janion-Scheepers, C., Jarzyna, M. A., Jennings, S., … Williams, S. E. 
(2017). Biodiversity redistribution under climate change: Impacts on 
ecosystems and human well-being. Science, 355, eaai9214. https://
doi.org/10.1126/scien ce.aai9214
Penick, C. A., Diamond, S. E., Sanders, N. J., & Dunn, R. R. (2017). Beyond 
thermal limits: Comprehensive metrics of performance identify key 
axes of thermal adaptation in ants. Functional Ecology, 31, 1091–
1100. https://doi.org/10.1111/1365-2435.12818
Pinsky, M. L., Eikeset, A. M., McCauley, D. J., Payne, J. L., & Sunday, J. M. 
(2019). Greater vulnerability to warming of marine versus terrestrial 
ectotherms. Nature, 569, 108–111. https://doi.org/10.1038/s4158 
6-019-1132-4
Prather, R. M., Roeder, K. A., Sanders, N. J., & Kaspari, M. (2018). Using 
metabolic and thermal ecology to predict temperature dependent 
ecosystem activity: A test with prairie ants. Ecology, 99, 2113–2121. 
https://doi.org/10.1002/ecy.2445
R Development Core Team. (2018). A language and environment for sta-
tistical computing. R Foundation for Statistical Computing. Retrieved 
from www.R-proje ct.org
Roeder, K. A., Roeder, D. V., & Kaspari, M. (2018). The role of temperature 
in competition and persistence of an invaded ant assemblage. Ecological 
Entomology, 43, 774–781. https://doi.org/10.1111/een.12663
Sears, M. W., Raskin, E., & Angilletta Jr., M. J. (2011). The world is not 
flat: Defining relevant thermal landscapes in the context of climate 
change. Integrative and Comparative Biology, 51, 666–675. https://doi.
org/10.1093/icb/icr111
Sheldon, K. S., & Tewksbury, J. J. (2014). The impact of seasonality in 
temperature on thermal tolerance and elevational range size. Ecology, 
95, 2134–2143. https://doi.org/10.1890/13-1703.1
Sinclair, B. J., Marshall, K. E., Sewell, M. A., Levesque, D. L., Willett, C. S., 
Slotsbo, S., Dong, Y., Harley, C. D., Marshall, D. J., Helmuth, B. S., & 
Huey, R. B. (2016). Can we predict ectotherm responses to climate 
change using thermal performance curves and body temperatures? 
Ecology Letters, 19, 1372–1385. https://doi.org/10.1111/ele.12686
Sinervo, B., Méndez-de-la-Cruz, F., Miles, D. B., Heulin, B., Bastiaans, E., 
Villagrán-Santa Cruz, M., Lara-Resendiz, R., Martínez-Méndez, N., 
Calderon-Espinosa, M. L., Meza-Lázaro, R. N., Gadsden, H., Avila, 
L. J., Morando, M., De la Riva, I. J., Sepulveda, P. V., Rocha, C. F. D., 
Ibarguengoytía, N., Puntriano, C. A., Massot, M., … Sites Jr., J. W. (2010). 
Erosion of lizard diversity by climate change and altered thermal niches. 
Science, 328, 894–899. https://doi.org/10.1126/scien ce.1184695
Slatyer, R. A., Hirst, M., & Sexton, J. P. (2013). Niche breadth predicts 
geographical range size: A general ecological pattern. Ecology Letters, 
16, 1104–1114. https://doi.org/10.1111/ele.12140
Soberón, J. (2007). Grinnellian and Eltonian niches and geographic dis-
tributions of species. Ecology Letters, 10, 1115–1123. https://doi.
org/10.1111/j.1461-0248.2007.01107.x
Stuble, K. L., Pelini, S. A., Diamond, S. E., Fowler, D. A., Dunn, R. R., & 
Sanders, N. J. (2013). Foraging by forest ants under experimental cli-
matic warming: A test at two sites. Ecology and Evolution, 3, 482–491.
Stuble, K. L., Rodriguez-Cabal, M. A., McCormick, G. L., Jurić, I., Dunn, R. 
R., & Sanders, N. J. (2013). Tradeoffs, competition, and coexistence in 
eastern deciduous forest ant communities. Oecologia, 171, 981–992.
Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2011). Global analysis of ther-
mal tolerance and latitude in ectotherms. Proceedings of the Royal 
Society B: Biological Sciences, 278, 1823–1830.
Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2012). Thermal tolerance and the 
global redistribution of animals. Nature Climate Change, 2, 686–690.
Sunday, J. M., Bates, A. E., Kearney, M. R., Colwell, R. K., Dulvy, N. K., 
Longino, J. T., & Huey, R. B. (2014). Thermal-safety margins and the 
necessity of thermoregulatory behavior across latitude and eleva-
tion. Proceedings of the National Academy of Sciences of the United 
States of America, 111, 5610–5615.
Terblanche, J. S., Hoffmann, A. A., Mitchell, K. A., Rako, L., le Roux, P. C., 
& Chown, S. L. (2011). Ecologically relevant measures of tolerance to 
potentially lethal temperatures. Journal of Experimental Biology, 214, 
3713–3725.
Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J. B., Pe'er, G., Singer, A., 
Bridle, J. R., Crozier, L. G., De Meester, L., Godsoe, W., Gonzalez, A., 
Hellmann, J. J., Holt, R. D., Huth, A., Johst, K., Krug, C. B., Leadley, 
P. W., Palmer, S. C., Pantel, J. H., … Travis, J. M. (2016). Improving 
the forecast for biodiversity under climate change. Science, 353, 
aad8466.
van Heerwaarden, B., & Kellermann, V. (2020). Does plasticity trade off 
with basal heat tolerance? Trends in Ecology & Evolution, 35, 874–885. 
https://doi.org/10.1016/j.tree.2020.05.006
Ward, P. S., Blaimer, B. B., & Fisher, B. L. (2016). A revised phyloge-
netic classification of the ant subfamily Formicinae (Hymenoptera: 
Formicidae), with resurrection of the genera Colobopsis and 
Dinomyrmex. Zootaxa, 4072, 343–357.
Wharton, D. I., & Hui, F. K. C. (2011). The arcsine is asinine: The analysis 
of proportions in ecology. Ecology, 92, 3–10.
Worm, B., & Tittensor, D. P. (2018). A theory of global biodiversity. 
Princeton University Press.
SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.
How to cite this article: Braschler B, Duffy GA, Nortje E, 
et al. Realised rather than fundamental thermal niches 
predict site occupancy: Implications for climate change 
forecasting. J Anim Ecol. 2020;00:1–13. https://doi.
org/10.1111/1365-2656.13358
